The superparamagnetic properties of magnetic nanoparticles (MNPs) allow them to be guided by an externally positioned magnet and also provide contrast for MRI. However, their therapeutic use in treating CNS pathologies in vivo is limited by insufficient local accumulation and retention resulting from their inability to traverse biological barriers. The combined use of focused ultrasound and magnetic targeting synergistically delivers therapeutic MNPs across the blood-brain barrier to enter the brain both passively and actively. Therapeutic MNPs were characterized and evaluated both in vitro and in vivo, and MRI was used to monitor and quantify their distribution in vivo. The technique could be used in normal brains or in those with tumors, and significantly increased the deposition of therapeutic MNPs in brains with intact or compromised blood-brain barriers. Synergistic targeting and image monitoring are powerful techniques for the delivery of macromolecular chemotherapeutic agents into the CNS under the guidance of MRI.
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blood-brain barrier | brain drug delivery | focused ultrasound | magnetic nanoparticles | magnetic targeting W ithin the CNS, the blood-brain barrier (BBB) excludes larger (>400 Da) molecules from entering the brain parenchyma, protecting it from toxic foreign substances (1) . However, it also prohibits delivery of many potentially effective diagnostic or therapeutic agents and restricts the enhanced permeability and retention (EPR) of therapeutic nanoparticles. Many factors affect EPR, including the pH, polarity, and size of the delivered substance. Even when pathologic processes compromise the integrity or function of the BBB, EPR can be limited by microenvironmental characteristics such as hypovascularity, fibrosis, or necrosis (2) (3) (4) .
In the presence of microbubbles and with use of a low-energy burst tone, focused ultrasound (FUS) can increase the permeability of the BBB (5) . This noninvasive procedure disrupts the BBB locally rather than systemically, minimizing off-target effects. Furthermore, the disruption is reversible within several hours, providing a window of opportunity to achieve local delivery of chemotherapeutic agents in brains with intact or compromised BBBs. However, drug delivery in such cases is passive, relying on the free diffusion of the agents across the barrier.
Advances in nanotechnology and molecular biology have allowed development of novel nanomedical platforms (6) (7) (8) . Such approaches allow simultaneous diagnostic imaging and drug delivery monitoring in vivo in real time (9, 10) . Magnetic nanoparticles (MNPs) have intrinsic magnetic properties that enable their use as contrast agents in MRI (8, 11) . Because MNPs are also sensitive to external magnetic forces, magnetic targeting (MT) actively enhances their deposition at the target site, increasing the therapeutic dose delivered beyond that obtainable by passive diffusion (12) .
This study combines FUS and MT of nanoparticles as a synergistic delivery system for chemotherapeutic agents concurrent with MRI monitoring for treating CNS diseases. FUS creates the opportunity to deliver therapeutic MNPs by passive local EPR, and externally applied magnetic forces actively increase the local MNP concentration. When combined, these techniques permit the delivery of large molecules into the brain (Fig. 1) . Furthermore, the deposition of the therapeutic MNPs can be monitored and quantified in vivo by MRI.
Results
Characterization of Therapeutic MNPs. The saturated magnetization, mean hydrodynamic size, and particle size of the commercially available MNP Resovist and the newly synthesized MNPs generated for this study are summarized in Table S1 . As measured by transmission EM (TEM), MNP-3 had a mean diameter of 12.3 nm (Fig. 2A) . This was significantly smaller than the hydrodynamic sizes measured by dynamic light scattering (64 nm for Resovist, 74-83 nm for MNPs-1-3; Fig. S1A and Table  S1 ), although such differences could be attributable to solvent effects. The measured zeta potentials of all of the synthesized MNPs were similar to that of Resovist (approximately 45 mV).
Magnetization of MNPs is crucial for their utility in MT, and crystallinity significantly affects this parameter. During synthesis, the crystallinity of the MNPs was manipulated by controlling the reaction conditions. MNP-3 exhibited the best crystallinity among the MNPs tested (Fig. S1C) and also displayed the highest degree of magnetization (Fig. S1B) .
Administration of the MNPs into biological tissues profoundly alters the spin-spin relaxation rate (R2), and thus can serve as an indicator of the MRI contrast agent. The R2, and hence the detection sensitivity, of MNP-3 was twice that of Resovist by MRI ( Fig. 2 E and F and Table S1 ).
The polymer poly[aniline-co-N-(1-one-butyric acid)] aniline (SPAnH) was used to encapsulate iron oxide (Fe 3 O 4 ). This process decreases the aggregation typical of MNPs and improves their stability in aqueous solutions. Fourier transform IR (FT-IR) spectroscopy indicated that the surface of the Fe 3 O 4 particles was covered with a layer of the SPAnH polymer, and that the out-ermost layer of the composite maintained the -NH and -COOH groups, which could be used to immobilize drugs or other biomaterials (Fig. 2D) .
Epirubicin is a cytotoxic anticancer agent used to treat malignant tumors. It is similar in structure to doxorubicin (except for a hydroxyl group at the 4′ position of the daunosamine sugar), but has less myocardial and nerve cell toxicity than doxorubicin (13) . When epirubicin was immobilized on the surface of the MNPs, the particles exhibited four new peaks attributable to the drug (Fig. 2D) . The orange fluorescence emitted by epirubicin in confocal microscopy confirmed that the drug colocalized with the MNPs (Fig. 2B) .
MNPs can become saturated with epirubicin because they have a fixed number of carboxyl groups on their surface. To decrease the quantity of MNPs required for effective treatment, epirubicin must be immobilized on their surface at therapeutically effective levels. HPLC analysis showed that, in this synthesis, epirubicin immobilization maximized at 300.294 μg of epirubicin bound per 1 mg of MNP (Fig. 2C ), equivalent to 452 μg of epirubicin per 1 mg of iron ion.
Aggregation of MNPs in Vitro. The ability of MNPs to be attracted by an external magnetic field was tested in vitro. Resovist failed to aggregate when it was infused through plastic tubing at a constant flow rate and at a fixed distance from an external applied magnetic field. In contrast, under the same conditions, significant accumulation of MNP-3 was observed (Fig. S2 A-D ). An approximate doubling of the medium viscosity led to a nearly 50% decrease in MNP aggregation, suggesting that the efficiency of MT is inversely proportional to viscous drag (Fig. S2E ).
Cell Toxicity of Therapeutic MNPs in Vitro. MNPs without conjugated epirubicin had no apparent cytotoxic effect when cocultured in vitro with tumor cells (Fig. S3E) . In contrast, numerous epirubicin-MNPs, presumably taken up by endocytosis, were visible within the cells by TEM ( Fig. S3G ; confirmed by diffraction patterns in Fig. S3H) . Furthermore, the particles passed into the nuclei and appear to have induced apoptosis. Conjugating epirubicin to the MNPs did not affect the drug's cytotoxicity: the IC 50 of free epirubicin and epirubicin-MNPs were 6.7 μg/mL and 5.2 μg/mL, respectively. The IC 50 was reduced significantly to 1.7 μg/mL when MT was applied (Fig. S3F) . The effects of MT on epirubicin-MNPs was confirmed by fluorescence microscopy: The number of live cells (green) decreased as the dose of epirubicinMNPs increased, and tumor cell toxicity was concentrated at the site where the magnet was positioned (Fig. S3 A-D) . (Fig. 3 ). Subsequently applying MT increased MNP accumulation, with a 6-h exposure causing the greatest increase in MNP concentration (244.6% relative to the contralateral hemisphere) but also a wider distribution (as seen in T2* imaging) relative to brains treated with FUS alone (Fig. 3) . The combination of FUS and 6 h of MT deposited 21,738 ± 3,477 ng of epirubicin per gram of brain tissue, whereas treatment with FUS alone accumulated only 1,336 ± 1,182 ng epirubicin per gram of tissue. Furthermore, local MNP capture was dependent on field strength: a 0.55-T magnet attracted four times more MNPs than a 0.18-T magnet, as assessed by R2 mapping (Fig. S6 C and D) .
The amount of MNPs accumulated in brain parenchyma was also measured by inductively coupled plasma optical emission spectrometry (ICP-OES) and the epirubicin concentration was measured by HPLC (Fig. 4) . Neither FUS alone nor MT alone caused significant MNP accumulation in the experimental brain site. Furthermore, accumulation was no more significant on the experimental side relative to the contralateral side with either of these treatments. However, when FUS and MT were combined, MNP accumulation increased dramatically, with MNP-3 showing the highest levels of accumulation. Furthermore, the accumulation was markedly more pronounced on the side subjected to MT. Interestingly, when MNP-2 was used, the ratio of MNP accumulation between the experimental and contralateral hemispheres reached a maximum at 6 h but decreased quickly at 12 h of MT, whereas the ratio was maintained when MNP-3 was administered. This suggests that MNPs with higher R2 values can contribute a higher magnetic moment (thus enhancing MT and maintaining localized epirubicin concentrations at therapeutic levels) and are less likely to be cleared from the bloodstream as foreign bodies than those with lower R2 values. Most importantly, this ratio correlated highly (r 2 = 0.908) with the values measured in vivo using R2 maps, indicating that such maps provide a good estimation of MNP (and thus drug) localization and concentration in vivo (Fig. 4D) . Based on comparisons between the ICP-OES/ HPLC analyses and the R2 relaxivities determined by MRI, 1 mM (or 4 × 10 −3 mmol) of MNP-3 detected on R2 maps was equivalent to an epirubicin concentration of 133,894 ng/g of tissue, or 617 ng/g of epirubicin per change in R2 (in s −1 ). MNP deposition in the brain was confirmed histologically by Prussian blue staining of iron deposits ( Fig. S5 E and F) .
Enhancement of Therapeutic MNP Delivery to Brain Tumors. Tumorbearing animals were treated with epirubicin-MNP without (control) or with combined FUS/MT treatment. Control animals showed no MNP accumulation in the tumor region 6 h after epirubicin-MNP administration (Fig. 5A) . However, relaxation rates increased 2.6-fold (to 35.8 ± 5.2 s −1 relative to control values of 13.6 ± 4.5 s ) at the tumor site by applying MT for 6 h after FUS treatment (Fig. 5 B and C) . After correcting for the baseline value contributed by blood circulation, it was estimated that 0.16 ± 0.03 mM of MNPs was delivered to the tumor, equivalent to 11,982 ± 2,105 ng of epirubicin per gram of tissue. This is approximately 15-fold higher than the therapeutic range (819 ± 482 ng/g tumor) reported for in vivo doxorubicin, which has a clinical response rate of 39% in patients with breast carcinoma (17) . Furthermore, TEM showed that FUS apparently induced interendothelial clefts with no obvious tight-junctional complexes in tumors (Fig. 5D) , and that epirubicin-MNPs were taken up by tumor cells and macrophages (Fig. 5 E and F) . In contrast, MNP injection alone caused no ischemic or histological changes in the brain during the period studied. Confocal and fluorescence microscopy ( Fig. 5 G and H and Fig. S7 C and H) and Prussian blue staining (Fig. S7 B and G) confirmed that more epirubicin-MNPs were deposited at the tumor site than in the contralateral side. Thus, epirubicin localization was enhanced significantly within the brain parenchyma by FUS/MT, whereas it appeared in only the capillary bed in the contralateral hemisphere, indicating that off-target effects were minimal. Furthermore, the correlation between MNP distribution (as determined by Prussian blue staining) and epirubicin fluorescence confirmed that MNPs are effective carriers for epirubicin, and by extension, that MRI R2 mapping can be used to detect localized concentrations of the drug with a high degree of precision.
Experimental 
Discussion
Delivery of Macromolecular Therapeutic Agents to the CNS. FUS can temporarily disrupt the BBB, increasing local EPR in the CNS. This technology is ideally suited for transcranial delivery of drugs with molecular weights greater than 400 Da (1, 14) . However, although this technique works with substances with molecular weights as high as 150 kDa, penetration is still hampered at molecular weights of 2,000 kDa [approximately equivalent to 55 nm, as measured by TEM (15)]. The current strategy to assess delivery of therapeutic substances [e.g., 50-150-kDa monoclonal antibodies (16) or <1-kDa chemotherapeutic agents (17) ] involves their coadministration with a separate gadolinium type T1 contrast agent (<1 kDa). However, this technique estimates drug concentration indirectly, assuming a correlation between changes in image contrast and the concentration of the delivered substance. Also, conjugating small contrast agents (e.g., gadolinium) with therapeutic substances does not permit active targeting. However, an imaging probe that also has a therapeutic effect and/or target specificity must bind the agent to be delivered to the contrast agent, increasing the compound size and thus decreasing the likelihood that FUS will stimulate EPR. This study confirms that combining passive and active transport mechanisms can deliver large multifunctional molecules to the CNS. FUS treatment has been used safely to deliver 886 ± 327 ng doxorubicin per gram of tissue into normal brains (17) . This is comparable to the levels of epirubicin delivered by FUS treatment alone in the present study (1, 197 ± 226 ng/g and 1,162 ± 1,028 ng/g, as assessed by MRI and ICP-OES/HPLC detection, respectively). Doxorubicin delivery could be increased to 5,336 ± 659 ng/g (17) , but at the expense of increased damage to brain tissue. In contrast, the approach used here synergistically combines FUS and MT to increase epirubicin delivery to the tumors by at least an order of magnitude (21,738 ± 3,477 ng/g and 22,070 ± 3,205 ng/g, as assessed by MRI and ICP-OES/HPLC detection, respectively) using a "safe" level of FUS exposure.
Use of R2 Maps and T2* Images to Detect MNPs. This study used T2*-weighted images and quantitative R2 maps to detect MNP accumulation in the brain in vivo. The T2*-weighted images showed increased sensitivity to the local field inhomogeneity induced by MNPs. Nonhomogeneous distribution or local accumulation of MNPs leads to an additional loss of phase coherence (i.e., dephasing) of the spins. This decreases the transverse relaxation times and thus contributes to a reduction in signal intensity (18) , allowing such images to be used as a direct indicator of MNP distribution. It should be noted, however, that, although conceptually feasible, quantification of R2* (i.e., 1/T2*) is potentially nonreproducible because iron deposited over multiple sessions can produce strong magnetic field susceptibility, resulting in differences in field inhomogeneity (19) . In contrast, R2 maps showed the high spin-spin relaxivity of MNPs, which was linear. The disadvantage of this approach is that multiple T2-weighted acquisitions at different echo times are required and comprehensive post- processing is necessary. Nevertheless, different information can be extracted from these two methods. For example, enhancements seen in T2*-weighted imaging contain higher spatial resolution and can show local concentration/aggregation of MNPs, whereas R2 maps provide a rather averaged MNP amount per unit volume. Thus, combining these techniques provides image resolution and quantitative information on MNP depositions.
Enhanced Drug Delivery to the BBB-Intact CNS. Most drugs used to treat CNS diseases that do not compromise the BBB (e.g., neurodegenerative diseases) must have sufficiently small molecular weights and need to be uncharged (or only partially ionized) at physiological pH to allow passive diffusion into brain. Increasing the lipid solubility of a drug to enhance BBB penetration can have undesirable effects such as decreasing overall solubility and/or bioavailability, increasing plasma protein binding, and increasing uptake by the liver or reticuloendothelial system.
Rather than designing therapeutic agents sufficiently small to penetrate the BBB, another approach is to temporarily open the BBB. Osmotically opening the barrier by infusing hypertonic mannitol through the carotid artery has been used successfully to treat human brain tumors (20, 21) . Alternatively, bradykinin acting via B2 receptors in the luminal membrane of the endothelium can permeabilize the BBB, presumably by elevating intracellular free calcium levels and thus modulating tight junctions (22) . Alkylglycerols administered via the carotid artery can also modulate the BBB (23) . However, none of these approaches open the BBB locally, and this lack of selectivity can cause undesirable side effects in normal portions of the brain, as well as presenting systemic hazards (5) . The use of noninvasive FUS to temporarily disrupt the BBB locally provides an ideal solution to the problems of drug design and localized delivery of such drugs to deep CNS tissues.
Enhanced Drug Delivery into Brain Tumors. Primary brain tumors or metastases to the brain from breast or lung cancers have markedly different vascular and hemodynamic characteristics than the intact brain (24) (25) (26) (27) . Vascular characteristics in tumors vary widely, and permeability does not necessarily correlate with tumor histology, size, or anatomical location. All these can restrict chemotherapeutic agents from reaching a therapeutic dose (28) (29) (30) . Even small lipid-soluble agents such as 1-3-bis(2-chloroethyl)-1-nitrosourea, which in its natural form can penetrate the BBB, cannot accumulate in tumors (31) . Low permeability and retention are even more pronounced in the case of large chemotherapeutic agents that cannot penetrate the BBB, such as lipid-encapsulated doxorubicin (17) or the epirubicin-MNPs used in the present study. Our results confirm that, by enhancing BBB permeability in tumors with FUS and concurrently applying MT, one can successfully deliver multifunctional macromolecules not only into brains with intact BBBs, but also to those in which the barrier has been compromised by pathological conditions, expanding the range of such molecules that could be used for integrated diagnostic and therapeutic treatments. Furthermore, the efficacy of such a treatment regimen has been confirmed experimentally (Fig. S8) .
Potential Parameters for MT. Optimizing the specifications for MT can maximize active MNP delivery. The particles must be of a size sufficient to generate a strong enough magnetic moment such that, when the tumor (or the vascular system surrounding the tumor) is exposed to the magnetic field, the net attractive force acting on the MNPs can overcome the viscous drag and allow the particles to reach the targeted area. Active targeting can occur only when the MNPs are magnetized, and the efficiency of such magnetization varies with their crystalline structure, the process used to synthesize them, the material with which they are coated, and other factors, particularly size (32) . For example, larger MNPs can induce thrombus in blood vessels more easily, whereas small MNPs (<100 nm) can be difficult to attract with lowstrength magnetic fields, making size selection a dilemma. Previous studies showed that when a relatively strong magnetic field (>0.4 T) was applied, MNPs having high relaxivity (>40 mM
could be used successfully for MT to superficial tissues (12, 33) .
Although the present study demonstrates that MT can be used to deliver therapeutic drugs in small animal brains, it should be noted that the distance between the magnet pole and the animal brain was still short (<10 mm). Scaling up the current setup for clinical applications will still be challenging: The magnetic flux density from the single-pole magnet decayed sharply and was unable to provide effective MT in deep-seated tissues (Fig. S6) . Possible improvements include increasing the magnet flux density by replacing the current permanent magnet with a superconducting electrical magnet coil, modifying the open-pole structure to a two-pole or closed-loop frame design (to reduce magnetic flux drop) (34) , or designing MNPs with the use of highly magnetic materials (35) .
Conclusions. This study provides an integrated nanomedicine platform to enhance and monitor delivery of multifunctional nanoparticles to the brain. FUS can locally and transiently disrupt the BBB, and the subsequent application of MT significantly improves deposition of therapeutic MNPs (at least an order of magnitude higher than previously reported approaches). The combined use of these techniques provides an important means to deliver therapeutic doses locally and simultaneously reduce the problem of systemic toxicity common to i.v.-administered therapeutic agents. More importantly, MNP distribution can be monitored by MRI, permitting quantification of drug delivery in real time in vivo.
Materials and Methods
Characterization of MNPs. A drop of diluted nanoparticle suspension was deposited on 300-mesh silicon-monoxide support films and dried under vacuum for 2 h. Images were acquired on a Phillips 400 transmission electron microscope operating at 100 kV. The superparamagnetic properties and magnetization of MNPs were measured using a superconducting quantum interference device (MPMS-7; Quantum Design). FT-IR spectra were acquired using a TENSOR 27 FT-IR spectrometer (Bruker) with a resolution of 4 cm. MNP samples were milled with KBr and pressed into a pellet for X-ray diffraction pattern analysis. Patterns were acquired from lyophilized samples with a D5005 X-ray diffractometer (Siemens) using Cu-Kα radiation (λ of 1.541Å) at 40 kV and 40 mA. Zeta potentials and hydrodynamic sizes were measured in water using a dynamic light scattering particle size analyzer (ZEN3600; Malvern). The polymers covering the MNPs were quantified by ICP-OES using a Varian 720-ES spectrometer. The relaxivities of the three MNPs generated for this study, as well as that of the commercially available carboxydextran-coated Resovist (60-nm hydrodynamic size; Schering), were measured in vitro in gel phantoms and in vivo. Standard samples of Poly[aniline-co-sodium N-(1-one-butyric acid) aniline]-coated MNPs (0-6.48 mmol/kg iron) were prepared as gel phantoms (1% gelatin) in 24-well plates. Standard R2 measurements were performed using a 3-T magnetic resonance imager (Trio with Tim, Magnetom; Siemens). The relaxivities reported are the means of five measurements.
Animal Preparation. All animal experiments were approved by the Institutional Animal Care and Use Committee of Chang Gung University and adhered to their experimental animal care guidelines. Thirty-nine normal rats (Sprague-Dawley, 300-400 g) were tested to confirm the efficacy of the proposed approach. Brain tumors were induced in another 14 rats by injection of cultured C6 tumor cells. Briefly, C6 tumor cells (10 6 cells/plate) were injected into the brains using a microdialysis pump system (CMA Microdialysis). Animals underwent FUS treatment on day 10 after tumor implantation to determine if the method could open an area of the BBB sufficiently large to cover the area of the induced tumors.
FUS Sonication. Before US treatment, animals were anesthetized by i.p. injection of chlorohydrate (30 mg/kg). The top of the cranium was shaved with clippers, and a PE-50 catheter was inserted into the jugular vein. The animal's head was attached tightly to a 4-cm 2 thin-film window directly under an acrylic water tank (Fig. S4 A and B) . Cranial openings were filled with degassed water to serve as an acoustic coupling device. SonoVue SF6-coated US microbubbles (mean diameter 2-5 μm, 2.5 μg/kg; Bracco) were administered i.v. before treatment (with a time lapse <10 s). Each bolus injection contained 0.1 mL microbubbles/kg body weight mixed with 0.2 mL of saline solution, followed by a 0.2-mL heparin flush.
Animal experiments were monitored using the 3-T magnetic resonance imager to localize the geometric center of the FUS and the energy exposure site (Fig. S4 A and B) . US was delivered to the brain transcranially using a MRcompatible spherical transducer (diameter, 60 mm; radius of curvature, 80 mm; frequency, 400 kHz, electric-to-acoustic efficiency, 70%; Imasonics) with the center of the focal zone positioned at a penetration depth of 2 to 3 mm in each hemisphere. Single burst-mode US was delivered, with a burst length of 10 ms, a pulse-repetition frequency of 1 Hz, and total sonication duration of 120 s. For optimization studies, the input electric power used was 2 W, corresponding to an acoustic negative peak (i.e., spatial-peak, temporal-peak) pressure amplitude measured through the animal cranium equal to 0.62 MPa.
MT. Permanent magnets with peak magnetic flux densities of 0.2, 0.4, or 0.55 T were used to produce an inhomogeneous magnetic field. To concentrate the magnetic flux density onto the disrupted region of the BBB, the magnet was tilted at an angle to the brain (Fig. S4C) , attached to the animal's scalp, and supported and tightened using a custom-made plastic belt for the desired duration (3-24 h). MRI images were acquired immediately after removal of the magnet.
MRI. Animals were assessed by MRI after US treatment and/or MT. All MRI images were acquired on a 3-T scanner using the standard wrist coil with an inner diameter of 13 cm. The animals were anesthetized with 2% isoflurane throughout the MRI imaging process, placed in an acrylic holder, and positioned in the center of the magnet. An i.v. bolus (0.1 mmol/kg) of gadopentetate dimeglumine MRI contrast agent (Magnevist; Berlex) was administered before scanning. To identify the region of the BBB disrupted by the FUS, contrast-enhanced T1 turbo spin-echo sequences were acquired using the following parameters: repetition/echo time, 780 ms/15 ms; slice thickness, 1.4 mm; matrix size, 128 × 256; field of view, 39 × 60 mm (resolution, 0.3 × 0.3 mm). T2-weighted images were obtained to produce R2 maps both in gel phantom or in vivo experiments by using a double-TE spinecho sequence and acquired three times, using the following parameters: repetition time, 3,860 ms, echo time, 8/14, 28/57, and 85/228 ms; matrix, 128 × 256; field of view, 38 × 76 mm (resolution, 0.3 × 0.3 mm); and slice thickness, 1.4 mm. T2*-weighted images were used to observe the distribution of MNPs 3, 6, 12, and 24 h after MNP injection. T2-weighted imaging was also used to measure tumor volume.
Measurement of MNP and Epirubicin Deposition in Tissue. Animals were killed at 3, 6, 12, and 24 h after MNP injection. Brains were collected immediately, washed twice with normal saline solution, and dried under vacuum for 48 h at 80°C. The dried samples were ground into powder, and the powders were acid-digested in 12 M aqua regia overnight. The iron content of the samples was measured by ICP-OES; each assay was performed in triplicate. Epirubicin concentration was calibrated by HPLC using a L-2400 UV detector and L-2130 pump (Hitachi) and a Supelcosil LC-18 column (4.6 × 250 mm). Each assay was performed in triplicate. The epirubicin concentration measured in tissues was 383 to 415 μg epirubicin/mg iron ion, with a consistent mean immobilization ratio of 395.6 ± 17.3 μg epirubicin/mg iron ion (Fig S9C) . Thus, epirubicin concentration in tissues can be quantified reliably by measuring MNP concentration.
Histology and Microscopy. Evans blue was administered after FUS treatment to confirm BBB disruption (Fig. S4 D and E) . Tissues were prepared after in vivo MRI analysis. Animals were killed 3, 6, 12, and 24 h after injection of dye and/or MNPs. Slides were stained with Prussian blue (Sigma) to detect iron deposited in cells/tissue samples. Briefly, brain sections mounted on slides were stained in a 1:1 mixture of 2% potassium ferrocyanide and 2% hydrochloric acid for 30 min at room temperature. The slides were rinsed with distilled water, counterstained with Nuclear Fast Red for 5 min, dehydrated, and photographed. Nuclei were stained with the fluorescent dye DAPI. Microscopic observations were performed using a Zeiss Axioplan imaging 2 microscope with AxioVision 4.1 imaging software, an AxioCam HRc camera, and Fluar 10×/0.50, Plan-Apochrome 20×/0.75, and Plan-Neofluar 100×/1.30 oil objectives (Carl Zeiss).
